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In insects, specialized mesodermal cells serve as templates to organize myoblasts into distinct muscle fibers during
embryogenesis. In the grasshopper embryo, large mesodermal cells called muscle pioneers extend between the epidermal
attachment points of future muscle fibers and serve as foci for myoblast fusion. In the Drosophila embryo, muscle founder
ells serve a similar function, organizing large numbers of myoblasts into larval muscles. During the metamorphosis of
rosophila, nearly all larval muscles degenerate and are replaced by a set of de novo adult muscles. The extent to which
pecialized mesodermal cells homologous to the founders and pioneers of the insect embryo are involved in the
evelopment of adult-specific muscles has yet to be established. In the larval thorax, the majority of imaginal myoblasts are
ssociated with the imaginal discs. We report here the identification of a morphologically distinct class of disc-associated
yoblasts, which we call imaginal pioneers, that prefigures the formation of at least three adult-specific muscles, the tergal
epressor of the trochanter and dorsoventral muscles I and II. Like the muscle pioneers of the grasshopper, the imaginal
ioneers attach to the epidermis at sites where the future muscle insertions will arise and erect a scaffold for developing
dult muscles. These findings suggest that a prior segregation of imaginal myoblasts into at least two populations, one of
hich may act as pioneers or founders, must occur during development. © 2000 Academic Press
Key Words: muscle development; pioneer; founder; imaginal; adult; metamorphosis; Drosophila.the epidermis. While individual founder cells are not mor-
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In the insect embryo, the elements of the muscle pattern
are prefigured by specific muscle-organizing cells at particu-
lar locations in the somatic mesoderm. In the grasshopper
embryo, individual mesodermal cells enlarge, extend
growth-cone like endings, and attach to the ectoderm at
sites where the future muscle attachment points will de-
velop (Ho et al., 1983; Ball and Goodman, 1985; Ball et al.,
1985a). Neighboring, smaller mesodermal cells fuse with
these large “muscle pioneers” to form the individual
muscles. When a muscle pioneer is ablated early in its
development, the muscle that it prefigures does not de-
velop, thus suggesting that the muscle pioneer is required
for muscle formation (Ball et al., 1985b).
In the Drosophila embryo, the formation of each larval
uscle is “seeded” by the appearance of a single muscle
ounder cell within the mesoderm (Bate, 1990). Unlike the
uscle pioneers of the grasshopper, founder cells are not
arge enough to span the insertion sites of the muscles that
hey prefigure. However, as fusion with surrounding myo-
lasts occurs, the syncytial precursor grows and extends
rowth-cone-like endings toward future insertion sites on450hologically distinct from surrounding mesodermal cells,
ndividual or small subsets of founder cells can be distin-
uished by their unique pattern of gene expression (Bate,
993; Abmayr et al., 1995; Ruiz-Gomez et al., 1997).
Two sets of muscles, larval and adult, form during the life
ycle of Drosophila. In the embryo, the precursors for both
ets of muscles arise from a region of the mesoderm that
xpresses high levels of twist. Unlike the larval founders
nd the embryonic myoblasts that fuse with them, the
maginal muscle precursors postpone their differentiation
nd continue to express twist (Bate et al., 1991). Using twist
s a marker for imaginal muscle precursors, the fate of these
recursors during the larval and pupal periods has been
onitored (Bate et al., 1991; Fernandes et al., 1991). In the
arva, the persistent twist-expressing cells proliferate to
roduce a pool of imaginal myoblasts. In the thorax, the
ajority of these myoblasts are associated with the imagi-
al discs, the precursors for the adult appendages, epider-
is, and peripheral nervous system. During metamorpho-
is, nearly all larval muscles degenerate and are replaced by
set of adult-specific muscles. Myoblasts that migrate out
f the everting discs contribute to the formation of these0012-1606/00 $35.00
Copyright © 2000 by Academic Press
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muscles. While most adult muscles in the thorax develop
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451Adult Muscle Developmentde novo, one set of indirect flight muscles, the dorsolongi-
tudinal muscles (DLMs), develops by the fusion of imaginal
myoblasts with persisting larval muscles (Robertson, 1947;
Tiegs, 1955; el Shatoury, 1956; Costello and Wyman, 1986;
Fernandes et al., 1991). Although these larval muscles serve
s a scaffold for the assembly of the DLMs, ablation studies
ave revealed that the larval muscles, unlike the muscle
ioneers of the grasshopper, are not required for the proper
ifferentiation of the DLMs or for the specification of the
otal volume of muscle that develops (Farrell et al., 1996).
owever, the larval scaffold is necessary for the fascicula-
ion of the DLMs into the appropriate number of adult
bers (Farrell et al., 1996). While most other adult muscles
evelop in the absence of a larval scaffold, it is not known
hether these muscles are prefigured by specialized meso-
ermal cells that are analogous to the muscle founders of
he embryo.
In this study, we found that three of the largest adult
uscles in the thorax, the mesothoracic (T2) tergal depres-
or of the trochanter (TDT) and dorsoventral muscles I and
I (DVM-I and -II) are prefigured by a special class of
maginal myoblasts which we call imaginal pioneers (IPs).
oth sets of IPs are derived from the leg imaginal disc and,
t a morphological level, appear to be homologous to the
uscle pioneers of the grasshopper. In this paper, we
rovide a description of the IPs through the first 25% of
etamorphosis. Like the muscle pioneers of grasshopper
mbryos, the orientations and positions of the IPs relative
o each other parallel the pattern of the adult muscles that
hey prefigure. With the exception of the larval muscles
hat serve as templates for the DLMs, the IPs are the only
uscle-organizing cells that have been identified thus far in
he Drosophila pupa.
MATERIALS AND METHODS
Fly Stocks
All fly stocks were raised at 25°C on standard Drosophila diet.
Pupal development was examined in the wild-type strain,
Canton-S, and in the following transgenic lines. twist-lacZ, a
reporter gene construct that contains a fusion between the entire
twist regulatory domain and the Escherichia coli lacZ gene (Thisse
et al., 1991), was generously provided by F. Perrin-Schmitt. act88F-
lacZ contains an in-frame gene fusion of the act88F gene to the
lacZ gene (Hiromi et al., 1986) and was generously provided by Y.
Hotta.
Dissection
Metamorphosis of Drosophila typically lasts 100 h at 25°C. We
staged pupae relative to the number of hours after puparium
formation (APF). The white prepupal stage marks the onset of
metamorphosis (0 h). Pupae from 0 to 24 h APF were dissected in
cold Drosophila Ringers (Johansen et al., 1989). After the pupa was
cut along the ventral midline, the sides were pinned out flat on
Sylgard (Dow Corning Corp., U.S.A.). To expose the underlying
musculature, internal organs, including the nervous system, wereCopyright © 2000 by Academic Press. All rightby a gentle stream of Ringers applied through a fine micropipette.
Ringers was replaced with cold 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4, and the filleted preparation was fixed for
15–30 min.
Histochemistry and Immunocytochemistry
Filleted preparations were rinsed in 0.1 M phosphate buffer and
assayed for b-galactosidase activity with the chromogenic substrate
-gal (US Biological) using the following method. Preparations
ere incubated in 0.2% X-gal in Fe/NaP buffer (as described in
shburner, 1989) at 37°C for 1–2 h. Preparations were subsequently
insed in 0.1 M phosphate buffer, dehydrated in an ethanol series,
leared in methyl salicylate, and mounted in DePeX (BDH Labora-
ories) between two coverslips for viewing the musculature with
nterference contrast microscopy.
Dissected larvae were fixed in 4% paraformaldehyde and pro-
essed for immunocytochemistry using standard protocols and the
ectastain ABC kit. An antibody against twist was kindly provided
y F. Perrin-Schmitt.
Light and Electron Microscopy
Fillets and pupae whose posterior ends had been cut away to
make them permeable were fixed overnight in cold 3% glutaralde-
hyde buffered to pH 7.1 (Sorenson phosphate buffer), postfixed in
1% osmium tetroxide, dehydrated, and embedded in Araldite/
Polybed 812 (Polysciences, Inc.). To facilitate the identification of
the muscle anlagen, or the first recognizable stage of muscle
development, fillets were embedded in a thin sheet of Araldite/
Polybed 812 on a microscope slide as described in McGuire et al.
(1990). In this manner, tangential sections could be collected
through a region that contained the appropriate muscle anlagen.
For light microscopy, semithin (0.5–1.0 mm) tangential sections of
llets and transverse sections of whole pupae were collected and
tained with toluidine blue. For electron microscopy, ultrathin
ections were collected, stained with uranyl acetate and lead
itrate, and viewed with a Phillips 300 transmission electron
icroscope.
RESULTS
The origins of the T2 TDT and the two indirect flight
muscles that lie alongside it, DVM-I and -II, were examined
in this study. These muscles are among the largest muscles
in the fly and are illustrated in the schematic in Fig. 1. The
T2 TDT is comprised of 30 fibers and is the largest muscle
that inserts onto a leg (Miller, 1950). The TDT spans the
dorsoventral axis of the thoracic cavity, attaching ventrally
to an apodeme (tendon) that arises from the trochanteral
segment of the leg and attaching dorsally on the notum.
DVM-I and -II contain three and two fibers, respectively
(Levine and Hughes, 1973). As their name implies, these
muscles extend dorsoventrally with DVM-I and -II lying
just anterior and posterior, respectively, to the TDT.
Imaginal Pioneers Prefigure the DVMs and TDT
In the thorax, the majority of myoblasts that will con-
tribute to the developing adult muscles are associated withs of reproduction in any form reserved.
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452 Rivlin, Schneiderman, and Bookerthe imaginal discs (Poodry and Schneiderman, 1970; Bate et
l., 1991; Fernandes et al., 1991). In the embryo, the
maginal discs arise as invaginations of the epidermis (Bate
nd Martinez-Arias, 1991). By the end of the third larval
nstar, the mature discs appear as sac-like structures that
re connected to the epidermis via an attachment stalk.
ach disc and its stalk are surrounded by a common basal
amina (Poodry and Schneiderman, 1970). The disc-
ssociated myoblasts, also called “adepithelial cells” to
istinguish them from the epithelial cells of the imaginal
iscs, reside in a cavity between the disc epithelium and the
asal lamina (Poodry and Schneiderman, 1970; Fig. 2).
Here we examine whether a diverse population of precur-
ors contributes to the developing adult muscles. We em-
loyed two tools in our effort to identify those cells which
ontribute to the developing adult muscles. Both of these
echniques rely on the persistent expression of twist within
he population of adult muscle precursors. An antibody
gainst twist was used to examine diversification within
FIG. 1. Drawing modified after Trimarchi and Schneiderman
(1993). (A) Medial view of the right hemithorax. Anterior is to the
left. Six DLM fibers extend anterior to posterior. The DVM fibers
and the TDT are more external and lie underneath the DLMs in
this view. (B) The DVMs, as their name implies, extend dorsoven-
trally and are divided into three fascicles (I, II, and III). Like the
DVMs, the TDT (gray) extends dorsoventrally. Among the muscles
shown here, the TDT is the most lateral muscle and spans an area
between DVM-I and –II (see arrow).Copyright © 2000 by Academic Press. All rightarval Drosophila. To track the fate of these precursors in
he pupa, and to identify the first appearance of anlagen for
he DVMs and TDT, we employed the transgene twist-
acZ. Although twist expression ceases after myoblasts fuse
Bate et al., 1991), the syncytial precursor or anlage can be
dentified due to the perdurance of the lacZ product.
By the end of embryogenesis, 13–15 twist-expressing
dult muscle precursors in T1 and 17–18 precursors each in
2 and T3 are associated with the primordia for the imagi-
al discs (Bate et al., 1991; P.K.R., personal observation).
uring the first two larval instars, while there is a steady
ncrease in the number of adult muscle precursors in each
horacic segment, all myoblasts appear to be uniform in
ize. However, by the start of the third and final larval
nstar, the population of adult muscle precursors is diver-
ified. At this stage, we found up to five twist-expressing
ells with large nuclei on the stalk connecting the T2 leg
isc to the epidermis. Measuring 9–10 mm in diameter, the
FIG. 2. The majority of imaginal myoblasts reside in the discs.
(Left) Nomarski image of wing (W) and leg (L) imaginal discs at 0 h
APF. Imaginal myoblasts express twist-lacZ and can be localized to
the regions of blue staining in the imaginal discs. (Right) Drawing
of the sagittal view of the T2 leg disc in a wandering larva. Modified
after Poodry and Schneiderman (1970). The leg disc is connected at
one end to the CNS by a nerve (N) and at the other end to the
epidermis by an attachment stalk (S). Imaginal myoblasts, also
called adepithelial cells (AC), reside in a cavity between the basal
surface of the disc epithelium (E) and the basal lamina (BL). The
imaginal pioneers (IPs) that prefigure the DVMs reside on the stalk.s of reproduction in any form reserved.
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453Adult Muscle Developmentlarge nuclei were more than twice the size of the other
disc-associated twist-expressing nuclei.
While it was difficult to identify the population of large
yoblasts after disc eversion using the twist antibody, we
ould follow these myoblasts during metamorphosis using
he transgene twist-lacZ. At 0 h APF, the pattern we
bserved using the transgene twist-lacZ was similar to that
bserved in third-instar larvae using the twist antibody (Fig.
). We were able to distinguish two populations of twist-
acZ-expressing cells in the leg imaginal disc. All twist-
acZ-expressing cells observed overlying the disc epithe-
ium had small nuclei measuring 2–3 mm in diameter. On
he stalk of the T2 leg disc, in addition to small-diameter
wist-lacZ-expressing cells, a second population of large
wist-lacZ-expressing cells with a nuclear diameter of 9–10
mm could be resolved (shown schematically in Fig. 2). While
it was difficult to reliably count the number of IP nuclei in
a lacZ background between 0 and 4 h APF, we were able, in
some cases, to resolve up to five IP nuclei on the disc stalk.
As reflected by their size, location, and number, the twist-
lacZ-expressing cells appear to be identical to the IPs we
first identified in third-instar larvae using the twist anti-
body. As we will describe below, these large twist-
expressing cells prefigure a subset of the adult thoracic
muscles and are here referred to as imaginal pioneers (IPs).
Between 4 and 6 h APF, the imaginal discs evert and
elongate to form the adult appendages and epidermis of the
thorax. By the end of disc eversion, the unfolding leg and
wing disc epithelia meet and fuse to form the lateral part of
the thorax. At this time, a continuous pool of myoblasts
extends between the lumen of the leg and the lumen of the
wing. In whole mounts, IPs could be identified by their
large nuclei just anterior and posterior to the lumen of the
leg, in the region where DVM-I and –II, respectively, will
develop. Unlike earlier stages, by 6 h APF, the IP nuclei
could be reliably identified in a lacZ background (Fig. 3). We
counted 2.82 6 0.12 (mean 6 SEM), and 1.88 6 0.17 IP
nuclei in the regions where DVM-I and -II will develop, thus
suggesting that each DVM fiber is prefigured by a single IP.
We examined 4- and 6-h APF pupae in sectioned material
FIG. 3. twist-lacZ was used to monitor the appearance of the anla
view. (A) From its first appearance in the disc, through 12 h
twist-lacZ-expressing cells. In the regions where DVM-I and -II wi
in the lacZ background (arrowheads). Bar, 50 mm. (B) Higher m
(arrowheads). Myoblast fusion has commenced at this stage. Bar, 1Copyright © 2000 by Academic Press. All rightat the light and electron microscopic level to evaluate
whether the IPs identified in these whole mounts possessed
any of the features that are characteristic of mesodermal
cells that serve as muscle pioneers (Ho et al., 1983; Ball and
Goodman, 1985; Ball et al., 1985a,b). These features include
(1) a large, elongate cell body, (2) interaction with the
epidermis at sites where future muscle insertion points
arise, (3) interaction with nearby axons and/or neuronal
growth cones, (4) presence of microtubules in the cyto-
plasm, and (5) formation of junctions or evidence of fusion
with neighboring, smaller myoblasts.
Our examination revealed that the DVM IPs are elongate
and measure more than 75 mm in length (Figs. 4B and 5). In
ontrast, while surrounding myoblasts are spindle shaped,
hey are considerably smaller than the IPs, measuring only
0–15 mm in length. All IPs are anchored ventrally to the
epidermis and appear to extend growth cone-like endings
dorsally. The position of the IPs and their orientation
prefigures the arrangement of the DVMs in the adult
thorax. The cytoplasm of the IPs can be distinguished from
that of neighboring, smaller myoblasts by the presence of
abundant microtubules (Fig. 6). The surrounding, smaller
myoblasts appear to be aligned along the length of the IP.
While punctate junctions are often observed between the
small myoblasts and the IPs, no evidence of myoblast
fusion is observed at 6 h APF.
Processes that resemble the filopodia that penetrate
grasshopper pioneers (Bastiani and Goodman, 1984) are
observed penetrating the cell body of DVM IPs (Fig. 7).
These processes may originate from neighboring myoblasts
or axons. However, the lighter density of the cytoplasm
within these processes suggests that the processes are not
derived from neighboring myoblasts, but are likely to be
neuronal in origin. The close proximity of the DVM IPs to
nerves (see Figs. 5 and 7) is also consistent with the view
that these processes are neuronal growth cone filopodia.
Punctate junctions were also found between these filopo-
dial processes and the IP membrane that they penetrate.
Although we observed filopodia that coursed through the
cytoplasm of neighboring myoblasts and terminated in the
for the DVMs and TDT. Anterior is up; dorsal is to the left in this
F, the developing TDT appears as a group of densely packed
velop, 3 and 2 large diameter nuclei, respectively, can be resolved
cation of the boxed area (DVM-I), showing the three IP nuclei
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454 Rivlin, Schneiderman, and BookerIPs, we never observed punctate junctions between these
processes and the small myoblasts that they penetrated.
This suggests that these filopodia might exclusively seek
out and recognize the DVM IPs.
We also examined the diversity of myoblasts that con-
tribute to the formation of the TDT and report that this
muscle is also prefigured by a set of IPs. The first signs of
adult myoblast diversification in the area where the TDT
will develop were detected in late third-instar, wandering-
stage larvae. At this stage we occasionally observed twist-
positive cells with nuclear diameters approximately twice
that of the surrounding twist-positive cells in the most
proximal part of the T2 leg disc. However, the complex
morphology of the disc during the last larval stage made
finding large nuclei difficult. Thus it is possible that the
diversification of the adult precursor population in the
region of the developing TDT could occur earlier than the
onset of the wandering stage.
FIG. 4. TDT and DVM IPs at 4–6 h APF. (A) Semithin section
myoblasts. The IPs (arrow) are large and elongated and directly app
of the IPs. (B) Semithin section at 6 h APF. The developing apodem
slightly anterior to the TDT anlage (arrow) are two of the three IPs (a
TDT at 6 h APF. Microvilli-like projections are present on the s
junctions (arrowheads) are made between epidermal projections and
is viewed in inset. Bar, 10 mm (A and B) and 5 mm (C).Copyright © 2000 by Academic Press. All rightBetween 2 and 6 h APF, the developing TDT or anlage can
e recognized in whole mounts as an oval-shaped group of
losely packed twist-lacZ-expressing cells (Fig. 3). At 2 h
PF, this tightly packed group of myoblasts is located in the
ost proximal part of the T2 leg disc. At 6 h APF, the
eveloping TDT occupies a site on the epidermis just
utside the lumen of the leg, between the two sets of IPs
hat prefigure DVM-I and -II. In whole mounts, while it
ppears that the majority of the lacZ-expressing cells in the
eveloping TDT have small nuclei that measure from 2 to
mm in diameter, a few cells with large nuclei that measure
6–7 mm in diameter can be resolved along the outermost
edge of the developing TDT.
An examination of sections through the developing TDT
at 4 h APF reveals that the TDT anlage is actually com-
prised of an array of 12 or 13 closely packed IPs that are
buried underneath a mass of small-diameter myoblasts (Fig.
4A). The TDT IPs lie parallel to one another and closely
gh TDT anlage at 4 h APF. TDT anlage is comprised of IPs and
he ectoderm (ecto). Small, round myoblasts (myo) aggregate on top
o) first appears at 6 h APF as a bulge in the ectoderm. Dorsal and
heads) that prefigure DVM-I. (C) Electron micrograph of developing
e of the ectoderm that apposes the TDT anlage (TDT). Punctate
shown at higher magnification in inset). Arrow denotes region thatthrou
ose t
e (ap
rrow
urfac
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455Adult Muscle Developmentappose the epidermis. Like the DVM IPs, the TDT IPs can
be distinguished from surrounding myoblasts by their elon-
gated shape and large nuclei. However, TDT IP nuclei
measure 6–7 mm in diameter and are therefore slightly
smaller than DVM IP nuclei.
Like the DVM IPs, the TDT IPs extend dorsoventrally
(Fig. 4B). At the electron microscopic level, while myoblast
fusion is not observed, punctate junctions are observed
between the TDT IPs and the surrounding, smaller myo-
blasts. The cytoplasm of the TDT IPs contains mitochon-
dria, vacuoles, some microtubules, and abundant rough
endoplasmic reticulum. The cytoplasm of the small myo-
blasts that surround the IPs contains mitochondria and
lipid droplets and is densely packed with free ribosomes.
The first sign of apodeme or tendon development appears
at 6 h APF as an involution of the epidermis that directly
underlies the developing TDT (Fig. 4B). Epidermal cells in
this region have numerous microvilli-like projections that
extend toward, and make contact with, the TDT IPs via
punctate junctions (Fig. 4C). No such contacts are observed
FIG. 5. A specialized class of myoblasts, the IPs, prefigures the
formation of DVM-I and -II at 6 h APF. Electron micrograph
demonstrates that the IP cells are elongate/bipolar in shape and are
significantly larger than neighboring myoblasts. Two of the IPs that
prefigure DVM-I are shown in this section. Smaller myoblasts
(myo) appear to align themselves along the length (denoted by
arrowheads) of the IPs. IPs are also located close to nerves (asterisk).
Bar, 5 mm.Copyright © 2000 by Academic Press. All rightblasts.
Growth and Differentiation of Muscle Anlagen
From 8 to 12 h APF, the TDT anlage retains its ovoid
shape but increases in size and density. In whole mounts,
from 13 to 16 IP nuclei can be resolved in the developing
TDT at 12 h APF. Because sections through the TDT anlage
at 4 h APF revealed that the anlage is composed of 12 to 13
IPs, we conclude that IP number does not vary significantly
from 4 to 12 h APF. From 14 to 18 h APF, the developing
TDT extends dorsally and nearly doubles in length. Due to
the high density of nuclei during this period, individual IP
nuclei could not be resolved in whole mounts. We were
therefore unable to determine the fate of the IP nuclei in the
TDT after 12 h APF. From 20 to 24 h APF, the developing
TDT increases in width. A close examination of sections
through the TDT at this time revealed that the TDT is
comprised of an array of thin fibers that surround a large
central core containing a mass of loosely packed myoblasts.
Myoblasts are also clustered at the dorsal end of the muscle,
suggesting that elongation may occur, in part, by the fusion
of myoblasts with the dorsal end of the muscle. Myoblasts
that are mitotic are observed in the core and at the dorsal
end of the TDT. A survey of other tubular muscles (i.e.,
pleural sternal muscle) suggests that they are also com-
prised of an array of fibers surrounding a core of available
myoblasts and may therefore follow a similar developmen-
tal strategy.
In contrast, the development of the DVMs does not
involve a central core of myoblasts like that observed in the
development of the TDT. At 24 h APF, each DVM fiber
appears as a syncytium of nuclei surrounded by individual
myoblasts. Unlike the TDT, IP nuclei were identifiable in
the developing DVMs after 12 h APF. Using twist-lacZ and
he indirect flight muscle (IFM) marker, act88F-lacZ, we
ollowed the fate of the IP nuclei in the developing DVMs
rom 6 to 24 h APF (data not shown). No variation in the
umber and size of the IP-derived nuclei was observed
uring this period. By 16 h APF the three and two fibers of
VM-I and -II, respectively, are clearly visible. At this
tage, each fiber contains a single IP nucleus, typically
ocated in the middle of the fiber. This nucleus is still
resent at 24 h APF when the fiber becomes contractile. We
ere not able to resolve individual IP nuclei beyond 24 h
PF due to the highly contracted state of the DVM fibers.
DISCUSSION
Imaginal Pioneers, a Specialized Class
of Muscle-Organizing Cells
Our results (summarized in Fig. 8) demonstrate that the
development of the DVMs and TDT begins with the appear-
ance of a specialized class of mesodermal cells which we
call imaginal pioneers (IPs) that are associated with the leg
imaginal disc. By 6 h APF, IPs for these two muscles ares of reproduction in any form reserved.
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456 Rivlin, Schneiderman, and Bookeranchored at one end to sites on the epidermis that will give
rise to the ventral attachment points of the muscles that
they prefigure. As development progresses, the IPs extend
what appear to be growth cone-like endings in a dorsal
direction. The DVMs and TDT are therefore seeded by
anlagen that arise ventrally and must grow toward their
dorsal attachment points.
The IPs share many of the morphological features previ-
ously described for the muscle pioneers of the grasshopper
embryo. These features include (1) a large, elongate cell
body; (2) the appearance of junctions between IPs and
neighboring, smaller myoblasts; (3) the presence of abun-
dant microtubules in the IP cytoplasm; (4) interaction with
filopodial processes; and (5) the appearance of junctions
between IPs and epidermal cells that are the future attach-
ment sites for the adult muscles. The similarities identified
in this study between IPs and muscle pioneers suggest that
the IPs may serve as scaffolds for the formation of adult
muscles, in much the same way that muscle pioneers serve
this function in the grasshopper embryo.
The use of specialized mesodermal cells as scaffolds for
the assembly of muscles that must span a large distance,
FIG. 6. Electron micrograph of IPs that prefigure DVM-I. IPs con
evoid of microtubules. Note that microtubules are aligned along t
as not commenced, punctate junctions (arrowheads) are observed
Lower magnification of the IPs is shown in the inset. Arrow denoCopyright © 2000 by Academic Press. All rightike the DVMs, DLMs, and TDT, may be a general strategy
n holometabolous insects like Diptera. In Simulium, a
rimitive Diptera, thin muscle strands span the region in
he larva where the DVMs, DLMs, and TDT will later
evelop (Hinton, 1969). In Chironomus, a dipteran species
ore like Drosophila, rudimentary muscle strands and
arge mononucleated muscle cells act as scaffolds for the
eveloping DVM fibers (Lebart-Pedebas, 1990). While the
maginal pioneers that prefigure DVM-I and -II in Drosoph-
la are associated with the mesothoracic leg disc, the
uscle strands and large cells that prefigure the DVMs in
hironomus attach to and span the region between the
esothoracic leg and the wing disc. Interestingly, in both
hironomus and Drosophila, and another closely related
ipteran species, Calliphora, preexisting larval muscles
erve as scaffolds for the formation of another set of IFMs,
he DLMs (Crossley, 1972; Lebart-Pedebas, 1984; Costello
nd Wyman, 1986; Fernandes et al., 1991). The use of IPs to
refigure the DVMs and TDT in Drosophila may therefore
e an evolutionary modification of the strategy used for the
ormation of the DLMs.
We did not uncover any evidence to suggest that the other
abundant microtubules, while neighboring, smaller myoblasts are
ngth of the IPs and found throughout the cytoplasm. While fusion
ween IPs and neighboring, smaller myoblasts (myo). Bar, 1.0 mm.
gion shown in the accompanying higher magnification view.tain
he le
bet
tes res of reproduction in any form reserved.
group of flight muscles, the direct flight muscles (DFMs), is
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457Adult Muscle Developmentassembled on specialized scaffolds. It is possible that these
muscles, which appear late in the evolution of Diptera
(Tiegs, 1955), may utilize a different developmental strat-
egy.
Origin of DVM Myoblasts
Our finding that leg disc myoblasts contribute to the
development of DVM-I and -II contradicts the long-standing
view drawn from clonal analysis that these muscles origi-
nate from wing disc myoblasts (Lawrence, 1982). In Law-
rence’s analysis, clones marked during the larval period
were confined to one of two sets of adult muscles, a dorsal
set that included all of the IFMs and most of the DFMs and
a ventral set that included the muscles of the leg and the
TDT. However, because a muscle fiber is a syncytium of
nuclei, it is possible that the small number of nuclei
contributed by leg disc myoblasts is masked in the mature
DVM fiber by the large number of nuclei derived from wing
disc myoblasts. It is also possible that nuclei derived from
the ventral source may not persist in the differentiating
muscle beyond 24 h APF. In both cases, the contribution
from the leg disc to DVM development would not be
detected in clones marked during the larval period.
Interestingly, our results are consistent with the earlier disc
extirpations studies that implicated both the wing and the leg
disc as possible sources of IFM-producing myoblasts (Zalokar,
1947; el Shatoury, 1956). In addition, our results support the
view that DVM-I and -II are phylogenetically leg muscles
FIG. 7. Processes that resemble filopodia penetrate the IP cell
body (white arrowheads). One of these processes is seen coursing
through the cytoplasm of a neighboring myoblast (white arrow) and
penetrating the IP. Axons are seen in close proximity to the IPs
(asterisk), thus suggesting that the filopodia may be neuronal in
origin. Bar, 10 mm.Copyright © 2000 by Academic Press. All rightMiller, 1950; Tiegs, 1955) by demonstrating that these two
uscles are derived from the same lineage set that gives rise
o all leg muscles in the mesothoracic segment.
FIG. 8. Schematic summarizes key events in the development of
DVM and TDT. (A) 0–2 h APF. IPs (red) for DVM-I, DVM-II, and TDT
are associated with the T2 leg imaginal disc. (B) 6–12 h APF. One end
of the IP is anchored to the epidermis at a site where the future muscle
attachment point will develop. IP nuclei are red. For simplicity, only
the IPs for DVM-I are shown here. Muscle growth occurs toward the
dorsal attachment sites. (C) 24 h APF. IP nuclei persist in the DVMs,
but could not be detected in the TDT at this stage. One IP nucleus is
found in each DVM fiber. (D) Cross section of DVMs and TDT at 24 h
APF reveals differences in the manner in which these large muscles
are assembled.s of reproduction in any form reserved.
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While our findings strongly suggest that the IPs precon-
figure a subset of adult thoracic muscles, a second issue that
needs to be addressed is whether the IPs also serve as
muscle founders. During embryogenesis, the formation of
larval muscles is seeded by a set of specialized mesodermal
cells called muscle founders (Bate, 1990). Each founder cell
subsequently fuses with a set of undifferentiated, fusion-
competent mesodermal cells, also called feeder myoblasts,
to produce a syncytial precursor. According to the founder
cell model, the founder cell nucleus entrains feeder nuclei
within the syncytium to follow a pattern of gene expression
and, hence, a particular developmental pathway. The key
feature of this hypothesis is that the founder cell acts as a
conduit for the transfer of information to feeder myoblasts.
At this point, we have no direct evidence that IPs function
as muscle founders. However, several pieces of indirect
evidence suggest that muscle founders participate in the
development of adult muscles. Transplantation experi-
ments have demonstrated that disc-associated myoblasts
are competent to fuse with and develop into a diverse group
of thoracic and abdominal muscles (Lawrence and Brower,
1981). Furthermore, it has been demonstrated that the
pattern of gene expression in thoracic donor nuclei is
“entrained” by those of the host abdominal muscle to
which they fuse (Roy and Vijayraghavan, 1997). This has led
many to argue that the disc-associated myoblasts are imagi-
nal feeder myoblasts and, like the fusion-competent myo-
blasts in the embryo, represent an undifferentiated set of
equivalent cells which require a founder cell for their proper
differentiation. The IPs identified in this study may repre-
sent the founder cells with which these feeders fuse.
How Are IPs Specified?
At this point, we only have a limited amount of informa-
tion on the origin of the IPs. We first observe what appear to
be the DVM IPs at the beginning of the third larval instar.
Prior to this point, the IPs cannot be distinguished from
other persistent-twist-expressing cells or adult muscle pre-
cursors. This suggests that diversification of the adult
muscle precursors into the precursors for fusion-competent
myoblasts and IPs occurs between the end of embryogenesis
and the beginning of the third larval instar.
In the embryo, Notch and numb play key roles in the
egregation of founder cells and adult muscle precursors
Ruiz-Gomez and Bate, 1997). Are these genes also deployed
uring postembryonic development in the specification of
he IPs? There is some evidence that Notch is involved in
he diversification of imaginal myoblasts during postem-
ryonic development. When Notch is overexpressed in
yoblasts, the IFMs fail to develop (Anat et al., 1998). This
aises the possibility that the failure of at least a subset of
hese IFMs might be related to the lack of the specification
f the IPs.
We have preliminary evidence to suggest that the pattern
f IPs is specified by ectodermal cues. Using a series ofCopyright © 2000 by Academic Press. All righte were able to demonstrate that inductive cues can alter
he adult muscle pattern in the transformed T3 segment
Rivlin et al., submitted for publication). In a preliminary
tudy, we found that a T2-like pattern of IPs was induced in
he transformed T3. Because Ubx is not expressed in the
esoderm of T3, this result implies that ectodermally
erived cues influence IP patterning, in much the same way
hat the segment-specific patterning of the larval muscle
ounders in the embryo is dependent on cues from the
ctoderm (Baker and Schubiger, 1995).
In conclusion, our findings provide a model for uncover-
ng mechanisms that operate to produce diversity among
yoblasts. It will be interesting to determine whether the
ame mechanisms that underlie the diversification of em-
ryonic myoblasts also operate during imaginal develop-
ent or whether a program(s) specific to this stage of
evelopment has evolved.
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